AD=A056 742 SYSTEMS CONTROL INC PALC ALTO CALIF F/6 17/7 
LORAN“C+ OMEGA+ AND OIFFERENTIAL OMEGA APPLIED TO THE CIVIL AIR=-ETC(U) 
APR 76 W HEINEs F G KARKALIKe E DO MCCONKEY DOT=-FA7TSWA=3662 
UNCLASSIFIED FAA/RO-78-30-5 


Eero 
—— ial 
ll i; =, Me 

— Me& 
ZS Wess WLS 


MICROCOPY RESOLUTION TEST CHART 


STANDARDS. 1963-4 


NATIONAL BUREAU OF 


wwe [EVEL 


N. | LORAN-C, OMEGA, AND DIFFERENTIAL ¢ AL OMEGA i 
¥ “= APPLIED TO THE 
SAILS YANGATION BEQUIREMENT / 


Yo) 
1 
oo CONUS, ALASKA, " AND OFFSHORE, / 
= —_—_= se 

a 

< 


VOLUME [J. SUPPORTING APPENDICES, 


d 2 ° s } 
— AA ¢ fi ah 77, ; 
Document is available to the U.S. oor through 


the osee a Information Service, 
Virginia 22161, 


U.S. DEPARTMENT OF TRANSPORTATION 
FEDERAL AVIATION ADMINISTRATION 
Systems Research & Development Service 
Washington, D.C. 20590 


_ 78 07 ds 007 


Ft RES 298 IES 


NOTICE 


THIS DOCUMENT IS DISSEMINATED UNDER THE SPONSORSHIP OF THE 
DEPARTMENT OF TRANSPORTATION IN THE INTEREST OF INFORMATION 
EXCHANGE. THE UNITED STATES GOVERNMENT ASSUMES NO LIABILITY 
FOR ITS CONTENTS OR USE THEREOF, 


1 ee A Te a 


rr 


Technical Report Documentation Page 


2. Government Accession No. 


1. 


Report No. 


FAA-RD-78-30 -III 


3. Recipient s Cataiog No. 


4. Title and Subtitle j 9. Report Care 


a 
Loran-C, Omega and Differential Omega Applied to the , Aoril 1978 


| 
| 
| Civil Air Navigation Requirements of CONUS, Alaska i 
| and Offshore - Volume III: Supporting Appendices 
j P 5 Anth 2 | 
Y 0-4 é 3 is 13. Performing Organization Reoort No. 
| 7. Autnor!s) ! 


W. Heine, F.G. Karkalik, E.D. McConkey 


| 9. Pertorming Orgenization Name and Address 10. Work Unit No. (TRAIS) 

| Systems Control, Inc. (Vt) — = 
1801 Page Mill Road See eee 
Palo Alto, CA 94304 DOT-FA7SWA-3662 

: 13. Type of Report and Period Covered 
12. Sponsoring Agency Name and Address dosha shes ¢ | 

U.S. Department of Transportation erlod Lovering 

| Federal Aviation Administration eae 1976-December 1977 
Systems Research and Development Service oe 

ashinaton, D 0590 i 


' 
15. Supplementary Notes | 


16. Abstract 


The objectives of this study were basically twofold. The first was to validate 
the civil air navigation requirements for CONUS, CONUS Offshore, Alaska, and 
Alaska Offshore. A requirements matrix was developed to provide a common 

basis for defining the requirements across al] the geographic areas considered. 
The second basic objective was to assess the capabilities of Loran-C, Omega, 
Differential Omega, and VLF communications toward meeting the requirements. 


Loran-C offers total all-altitude coverage for all geographic regions given 
existing and proposed chains. The primary drawback is the large area and, 
hence, number of aircraft affected by single station outage. With suitable 
redundancy, Loran-C could meet the civil air navigation requirements as a 
primary or supplementary navigation system in all geographic regions. 


Omega lacks adequate coverage over CONUS. Therefore, Omega and Differential 
Omega are candidates only in Alaska, Alaska Offshore and most of CONUS Offsnore. 
Omega, however, does not meet the accuracy requirements for nonprecision 
approaches or in high density terminal areas, whereas, Differential Omega is 
expected to. 


| The VLF communications system is not dedicated to navigation, hence, reliability 
| becomes an issue. With suitable redundancy the scheduled and unscheduled down 
| 


17. Key Words 18. Distribution Sterement 


Loran-C, Omega, Differential Omega, 
Navigation Systems, Navigation Require- 
ments, Civil Aviation, Nonprecision 
Approach 


Document is available to the U.S. public 
through the National Technical Information 
Service, Springfield, Virginia 22161. 


21. No. af Pages 


104 


20. Security Classif. (of this page) 


UNCLASSIFIED 


19. Seeurity Clossif. (of this report) 


UNCLASSIFIED 


Form DOT F 1700.7 (8-72) Reproduction of completed page authorized 


16. Abstract (Continued) 


times for maintenance becomes less of a problem. Used in conjunction with Omega 
signals, the VLF communications signals will provide adequate redundancy and 
usable geometry. 


A potentially significant benefit offered by the candidate systems considered 

is the support of non-precision approach (NPA) requirements. A separate element 
of the study, which analyzed all systems considered, was devoted to this topic. 
Loran-C was found to exceed the NPA requirements in all regions and Differential 
Omega exceeded them in Alaska, Alaska Offshore and most of CONUS Offsnore. The 
other systems did not meet the NPA requirements including Differential Omega 
over CONUS. 


The report is presented in three separate volumes. Volume I presents the executive 
summary and Volume II presents the detailed technical analysis supporting this 
summary. Further supportive material is presented in the appendices which make 

up Volume III. 
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INTRODUCTION 


This document represents Volume III of a three volume report 
entitled, "Loran-C, Omega, and Differential Omega Applied to the 
Civil Air Navigation Requirements of CONUS, Alaska and Offshore." 
Volume III presents the background Appendices A, B and C support- 
ing the evaluation presentation of Volume II. Appendix A presents 
a detailed discussion of Loran-C accuracy and coverage character- 
istics. The results of the Omega accuracy analysis in the CONUS, 
Alaska and offshore regions are presented in Appendix B. Final- 
ly, Appendix C presents the trade-off analysis for the Differen- 
tial Omega configuration presented in Section VI of Volume II. 
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APPENDIX A 
LORAN-C ACCURACY AND CO. “RAGE 


A.1 INTRODUCTION 


The purpose of this appendix is to present a more detailed 
discussion of Loran-C accuracy and coverage characteristics. 
The material presented serves as a backup to that presented in 
the main text. The organization of this appendix is as follows. 
Section A.4 presents some of the basic considerations in the 
determination of Loran-C coverage. An example of the determira- 
tion of the coverage range for a LF transmitter is presented in 
Section A.5. To complete the discussion of coverage, the loca- 
tion of each of the Loran-C chains is presented in A.5S. 


A.2  LORAN-C GRID ACCURACY 


This section presents the results of some theoretical analyses 
of grid bias and data from actual field measurements of grid warp 
in the eastern U.S. The grid bias analysis assumes the presence 
of an additional secondary factor that is not corrected in the 
Loran-C receiver/processor. The grid warp effects are presumed 
to have been caused by coastline effects or mountain/terrain 
effects upon the Loran-C signal. 


This first accuracy consideration discussed in this section 
shows the results of the theoretical analysis of the grid bias 
error caused by the additional secondary factor in the Revised 
East Coast chain. The navigation receiver was assumed to have 
been programmed with the seawater phase correction term from 
Figure A.1 (a =5 mho/meter) while the actual propagation conditions 
were assumed to be represented by a phase retardation corres- 
ponding to the o =.005 mho/meter curve. The results of the 
analysis are presented in Figures A.2 through A.5 for various sta- 
tion combinations. 
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Figure A.2 


Theoretical Grid Bias Error for Seneca, Caribou 
and Nantucket 
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Figure A.4 Theoretical Grid Bias Error for Seneca, Dana 
and Carolina Beach 
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Grid warpage errors created by conductivity and terrain vari- 
ations along adjacent propagation paths have been investigated 
theoretically and experimentally. A series of such tests is 
described in Ref. 1 in which a Loran-C simulator was used to 
attempt to match "'real world" data. Results of these tests are 
shown in Figures A.6 and A.7 which indicate the residual errors 
at several locations for the Carolina Beach - Jupiter and Carolina 
Beach - Dana time differences. The data is shown over a 20 by 75 
nmi grid. 


Grid warpage caused by other terrain irregularities, such as 
coastlines and mountains, has also been investigated. The U.S. 
Army Electroncis Command (ECOM) has investigated coastline effects 
in the Montauk Point, New Jersey area [2]. The results of this 
study are shown in Figures A.8 and A.9. The impact of mountainous 
terrain was studied by ECOM in the vicinity of Nittany Mountain 
near State College, Pennsylvania [2]. These results are shown 
in Figure A.10. 


A.3 RECEIVER DYNAMIC ERROR ANALYSIS 


Airborne Loran-C receiver systems have tracking loops which 
smooth the time difference information to reduce the effects of 
noise on the signal. These tracking loops can cause the receiver 
output signal to lag behind the input signal. Many tracking 
loops are designed as second order phase locked loops which pro- 
duces zero lag as long as the aircraft is moving with constant 
velocity. Aircraft accelerations or turns can cause the lag 
to appear as a position error during these maneuvers. The amount 


of lag error can be estimated by considering the following example. 


Assume the receiver tracking circuit is a second-order phase 
locked loop of the form 
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Figure A.6 Grid Warp Error at Eglin AFB, Carolina Beach - Jupiter 


(error in nanoseconds, zero error at 
simulation laboratory) 
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Figure A.7 Grid Warp Error at Eglin AFB, Carolina Beach - Dana 
(error in nanoseconds, zero error at 
simulation laboratory) 
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Figure A.8 Least-Squares Fitted TDA Deviations 


TDB-Carolina Beach-Dana 
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Figure A.9 Least-Squares Fitted TDB Deviations 
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Figure A.10 Observed TDA and TDB Superimposed on Loran Seawater 
Grid 
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which can be achieved with the block diagram shown in Figure 
A.11, where 


P; (s) = input position (in s-domain) 
Pfs) = output position (in s-domain) 


wn = undamped natural frequency of the loop 


E = damping factor of the loop 


Assuming the input is errorless for the sake of the dynamic accur- 
acy analysis, the tracking error can be represented by the differ- 
ence between the output and the input 


-S*P, (s) 
E(s) = Po(s) -P;(s) = P;(s)(H(s)-1] = xt cae 
n n 


Po(s) 


Figure A.11 Receiver Tracking Loop Block Diagram 
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Assume that prior to time t=0 the aircraft is flying along the 
Loran-C line-of-position (LOP) and at time t=0 the aircraft 
begins a turn in a circular arc away from the LOP with velocity 
V and turn rate w. The position of the aircraft with respect 
to the LOP is then 


i 
Oo 
ct 

[A 
oO 


P(t) 


El< 


P; (t) (1 - cos wt) t > 0 


For small t the position is approximately 


Pi(t) = 


where A = wV is the acceleration experienced by the aircraft in 
the direction perpendicular to the flight path of the aircraft. 
In the s-domain, 


A 
P; (s) > S° 


and the resulting error is 


-A 


RUS) eee eae te 
Sits + 2éu, S+w ed 


By applying the final value theorem [3] to E(s), the peak 
steady state error can be found (since A is the maximum acceler- 
ation experienced by the aircraft). The final value theorem 
states that the steady state error E,, can be found by the 
following expression 


s -As 
eh ae ae ay Le 


s+o s(s“ + 2Ew e+ uw, 


fuls 


13 


The minus sign indicates that the output lags the input. The 


term a is often replaced by the filter time constant tt in 


n 
which case the steady state error becomes 


A.4 LORAN-C COVERAGE 


The two factors that define the limits of Loran-C coverage 


for a triad (master and two secondary stations) are signal avail- 


ability and position determination accuracy. The signal avail- 
ability factor is commonly considered to be a signal-to-noise 
level value that permits a receiver to acquire and process the 


Loran-C signals a high percentage of the time. At the present 


time, the U.S. Coast Guard considers the limits of coverage for 

civilian users to be a groundwave signal-to-noise level of 1:3 

(-10 dB) which is available 95% of the time. The position deter- 

mination limitations are based upon the accuracy with which two 

time difference values may be converted to a geographical position 

fix. This accuracy is determined by the repeatability of the time 

difference measurement and the geometric dilution of precision 

(GDOP) factor that relates time differences to geographical posi- 

tion. The U.S. Coast Guard uses a root-mean-square radial error | 
(DRMS) statistic to define accuracy limits. A 2 DRMS value of 
1500 ft defines the coverage limits published by the U.S. Coast 
Guard. 


A.4.1 Atmospheric Noise 


The atmospheric noise values that are often used in coverage 
calculations are defined from Ref. 4. Contours of expected noise 
levels at -1 MHz are presented along with curves to translate 
the contour values to other frequencies from 10 KHz to about 


14 


20 MHz. Curves of statistical characteristics of the atmospheric 
noise are also presented for the same frequency range. Contours 
are presented for four seasons in six daily time periods of four 
hours each. The methods by which these noise data are used to 
determine a noise figure for the specific area of interest is 


~ 


described in detail in Appendix B of Ref. 5. 


A.4.2 Signal Strength 


The signal strength of low frqeuency groundwaves was computed 
for various ground conductivities as shown in Figure A.12. It 
is evident from these curves that the earth's conductivity has 
a significant influence on the field strength. In addition, at 
distances greater than 200 nautical miles, the curves decay at a 
rate that is considerably in excess of the classical inverse 
distance relationship normally associated with field strength. 
Consequently in this region, boosting transmitter power will 
produce only small increases in reception range. 


Traditional use of Loran-C has been over sea water which has 
a conductivity of 5 mhos/meter which nearly overlies the o = o 
curve in Figure A.12. The use of Loran-C over land areas, which 
generally have conductivities ranging from o = .0001 mho/meter 
to o = .0100 mho/meter, will result in decreased signal strength 
and consequently reduced reception range as compared to sea water 
applications. For instance, the theoretical range trom a 100 KW 
transmitter in the northeastern United States is about 870 nm 
over seawater, 790 nm over cultivated land and only 490 nm over 
poor, rocky soil. Doubling the transmitter power to 200 KW 
will produce range increases of about 10% in each case. Thus 
in order to significantly increase transmitter range over land, 
very large increases in transmitter power are required. The 
alternative solution to increasing power is achieved by using 
closer spaced transmitters and more ground stations. 
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The use of Loran-C in land areas often means that the path 
between the transmitter and receiver has more than one conduc- 
tivity value. The analysis of signal strength over these mixed 
conductivity paths requires specialized computer software to 
accurately model the process [6] or empirical techniques which 
use the data associated with Figure A.12 [7]. This empirical 
approach is discussed in greater detail in Section A.5S. 


A.4.3 Signal-to-Noise Ratio Computations 


The signal strength values that are characterized by Figure 
A.12 are compared to the noise levels obtained from Ref. 4. At 
points where the signal-to-noise ratio is greater than 1:3 
(-10 dB) from all three stations in the Loran-C triad, the sig- 
nal availability criteria for coverage is met. Points where the 
signal-to-noise ratio is less than 1:3 are considered to be out- 
Side the coverage area of the stations under consideration. 


A.4.4 GDOP Considerations 


The GDOP expressions determine the ratio by which time dif- 
ference error is propagated into position fix error. The GDOP 
value is dependent only upon the geometric relationships between 
the three Loran-C stations and the point of interest. The two 
terms which compose the GDOP factor are the gradients of the 
LOP's and the crossing angle of the LOP's. The gradient of each 
LOP depends upon the user's position. Along the baseline the 
gradient of the LOP is a minimum and has the value of 150 meters/ 
us (492 ft/us). Along the baseline extension the gradient is 
infinitely large as there is no change in the time difference 
reading anywhere along this line. As the user approaches a 
baseline extension, the GDOP factor gets very large and an 


accurate position fix cannot be determined. 


The other geometric characteristic that affects the GDOP 
factor is the crossing angle of the LOP's. The GDOP term is 
inversely proportional to the sine of the crossing angle of the 
LOP's [8] and is thus a minimum where the LOP's cross at 90° 
and a maximum where the LOP's cross at 0° or 180°. The line on 
which the LOP's cross at 0° or 180° is an extension of the line 
connecting the two secondary stations. Thus, the areas where 
no coverage can be expected due to GDOP factors are the baseline 
extension areas from lines connecting all three stations in the 
triad. 


A.5 EXAMPLE TRANSMITTER RANGE ANALYSIS 


The range of an LF transmitter is a function of the trans- 
mitter power, the conductivity of the surface over which the 
electromagnetic wave travels and the noise environment at the 
receiver. Over constant conductivity surfaces, curves such as 
those shown in Figure A.12°’can‘be used to compute the field 
strength of the transmitted signal at any distance from the 
Station. In mixed conductivity regions the analysis of field 
strength and transmitter range is complicated by the differing 
attenuation rates of the signal as it passes over the various 
conductive regions. Millington [9] as discussed in Scott [10] 
has developed a semi-empirical method for computing the field 
strength in such areas. Let the path under consideration be as 
shown in Figure A.13. 


Transmitter Receiver 
a Te ee. eek eee. ee 
d,=0 qd, d, qd, dn-> dna. dn 


Figure A.13 Propagation Path with Mixed Conductivities 
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Let E(o,d) represent the field strength functions as shown 
in Figure A.1 in terms of attenuation in dB's. Millington's 
method assumes that the field strength of the transmitted signal 
at point d_ is the geometric mean of the path from d, to 
qa and the reciprical path from di to d_. The forward path 


fe) 
may be computed as 


Ep = E(0,s4,)*[E(0,,4,)-E(oy,4,) 1#(E(03,d5)-E(o5,d,)] 
el reir [E(o, 154, _,)-E(o,_j-d,_5)] 


+ (E(o,,d,)-E(o,.d,_4)1 


and the backward path may be computed as 


By * Bld .sdandy 4 )* (Eta. 04 


B “diy2) “Elo, yd 


m n”4_-3) 


5 ee a [E(o7,d,-d,)-E(o,,d,-d,)] 
+ [E(o,,d,-d,)-E(o,,d,-d))] 


and the mean field strength, E, can be found by averaging Ee 


and E since both are in terms of decibels 


B 


Millington's method was applied to several points in Alaska in 
order to determine the range of the Loran-C signal. Conductivity 
values were taken from a map (Figure A.14) prepared by Stanley 
[11] as found in Ref. 12. Attenuation values were computed by 
fitting the data represented in Figure A.1 (as found in Ref. 8) 
to a second degree polynomial of the form E = A+ Bd + Ca? where 
d is in nautical miles and E is measured in terms of dB rela- 
tive to lv/meter. The curve fits for the various conductivities 
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St.Paul Island 


Port Clarence 


Source: Reference 12 


RY HiGH 

AYERED EAATet)! 

MMHOsM 
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“ 


1 Demarkation Point 


Note: In areas represented by <1, a value of 0.5 m mho/m 


was used. In areas represented by "?", 


was assumed. 


a value of 50 m mho/m 


Figure A.14 Alaskan Ground Conductivities at LF 


(millimhos/m) 
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were accurate to about 2 dB in the 60-80 nm range and the accur- 
acy improved to less than 0.5 dB error in the region beyond 800 
nm. The errors in all curves were similar in value and of the 
same sign at the same distance values so that error cancellation 
would occur at the shorter ranges due to the formulation of 
Millington's method. 


Three paths were chosen for detailed evaluation. These 
paths are: 


A - St. Paul Island to Demarkation Point 
B - Tok to Point Barrow 
C - Port Clarence to Demarkation Point 


The following conductivity-distance values were used in the 


analysis: 
Path A Path B 
Seg. d o Seg. d Oo 
1 303 5 mho/m 1 53 0.002 mho/m 
Z 764 0.002 2 106 0.0005 
3 876 0.001 3 202 0.001 
4 1067 0.0005 4 276 0.0005 
5 329 0.001 
6 414 0.0005 
7 446 0.001 
8 574 0.05 
Path C 
Seg. d oj 
1 79 0.0005 mho/m 
2 147 5.0 
3 305 0.05 
4 645 0.0005 
21 


The computation of the field strength produced the following 
data: 


Path Field Strength (dB above 1 v/m) 


A 24.9 dB 
B 51.5 dB 
C 41.6 dB 


The noise level used by the Coast Guard for range calculations 
in the Gulf of Alaska Chain is 42 dB above 1 v/meter in a 20 kHz 
bandwidth. The resulting signal-to-noise ratios are: 


Path S/N 
A -17.1 dB 
B +9.5 dB 
€ -0.4 dB 


The path A S/N falls well below the Coast Guard threshold value 
of -10 dB for civil systems. Paths B and C are well above the 
-10 dB threshold. Thus Demarkation Point is outside of the 
coverage area for St. Paul Island while Pt. Barrow is within the 
coverage of Tok and Demarkation Point is within the coverage of 
Port Clarence. 


_A.6 LORAN-C CHAINS 


The coordinates, station function, coding delay, baseline 
length and radiated peak power of each of the Loran-C chains are 
presented in Tables A.1 through A.9. These include the U.S. 
West Coast chain, West Canadian chain, North Pacific chain, Gulf 
of Alaska chain, U.S. East Coast chain, Gulf of Mexico chain, 


Great Lakes chain, mid-continent chain and current Alaskan chain. 


The operational date of each of the chains is also noted for 
reference. 
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Table A.1 
U.S. West Coast Chain (Operation 1/77) - Rate 9940 


Station Coordinates Station Coding Radiated 
Function Delay & Peak 
Latitude & Baseline Power 


Longitude Length 


Fallon, 39-33-06. Master 400 kW 
Nevada 118-49-45. | 
George, 47-03-47. W | 11,000us 2.0 MW 
Washington 119-44-39. Secondary 2796.92us 
Middletown, 38-46-56. X | 27,000us {| 400 kW 
California 122-29-44.30W| Secondary | 1094. 50us 

| | 
Searchlight, 34-19-18. 11N Y | 40,000us | 1.0 MW 
Nevada 114-48-17. Secondary 1967. 28us | 


Table A.2 
West Canadian Chains (Operation 1/77) - Rate 5990 


Station Coordinates Station Coding 
: Function Delay & 
Latitude & Baseline 

Longitude Length 


Williams Lake 
BC, Canada 


51-57-58.70N 
122-22-02.50W 


Shoal Cove, 
: Alaska 


55-26-20.68N 
131-15-19.69W 


X 
Secondary 


11,000us 1.0 NW 
2343. 58us 


27,000us | 2.0 MW 
1927.37us | | 


47-03-47.90N 
119-44-39.38W 


George, 
| Washington 


Y 
Secondary 
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North Pacific Chain (Reconfigured 1/77) - Rate 


Station 


St. Paul Is., 
Pribiloff Is., 
Alaska 


Attu, 
Alaska 


Port Clarence, 
Alaska 


Narrow Cape, 
Alaska 


Station 


Tok, 
Alaska 


Narrow Cape, 
Alaska 


Shoal Cove, 
Alaska 


Table A.S 


Coordinates 


Latitude & 
Longitude 


57-08-09.80N 
170-14-59.84W 


52-49-44. 96N 
173-10-42.31E 


65-14-40.06N 
166-53-14.47W 


57-26-20.48N 
152-22-11.98W 


Station 
Function 


Master 


X 
Secondary 


Y 
Secondary 


Z 
Secondary 


Table A.4 
Gulf of Alaska Chain (Operation 1/77) - Rate 7960 


Coordinates 


Latitude & 
Longitude 


63-19-42.70N 
142-48-33.30W 


57-26.20.48N 
152-22-11.98W 


55-26-20.68N 
131-15-19.69W 
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Station 
Function 


Master 


X 
Secondary 


Y 
Secondary 


Coding 
Delay & 
Baseline 
Length 


11,000us 
3875. 32us 


29 ,000us 
3069.09us 


43 ,000us 
3590.06us 


Coding 
Delay & 
Baseline 
Length 


11,000us 
2804. 40us 


26 ,000us 
3651. 18us 


300 kW 


1.0 MW 


400 kW 


Radiated 
Peak 
Power 


Table A.5 
U.S. East Coast Chain (Reconfigured 7/78) - Rate 59350 


j Station Approximate i Station | Coding Radiated 
| Function Delay & Peak 

| | Latitude & | Baseline | Power 

Longitude | Length 


42-42-53N 
76-49-35W 


Seneca, 1.0 NW 


New York 


W 
Secondary 


Caribou, 46-48-27 .90N 700 Kw | 


Maine 67-55-37.97W 


11,000us 


41-15-11.84N 
69-58-39 .09W 


X 
Secondary 


Nantucket, 300KW 


Massachusetts 


25,000us 


34-03-45. 96N 
77-54-46 .76W 


Y 
Secondary 


Carolian Beach, 39,000us 350KW 


N. Carolina 


Table A.6 
Gulf of Mexico Chain (Operational 7/78) 


Station Coding Radiated 
Delay & Peak 
Baseline Power 


» Length 


Station 
Function 


Approximate 


Latitude & 
Longitude 


30-59-38N 
85-10-11W 


30-43-34N 
90-49-41W 


Malone, 1.0 MW 


Florida 


W 1.0 MW 


Secondary 


Grangeville, 11,000us 


Louisiana 


X 400 kW 


Secondary 


26-31-54N 
97-49-58W 


27-01-58.42N 
80-06-53. 52W 


34-02-45. 96N 
77-54-46. 76W 


Raymondville, 23,000us 


Texas 


Y 300 kW 


Secondary 


Zz 
Secondary 


Jupiter, 41,000us 


Florida 


59,000us 350 kW 


Carolina Beach, 
N. Carolina 


Table A.7 
Great Lakes Chain (Operational 2/80) - Rate 9960 


Approximate Station Coding Radiated 

Function Delay & Peak 
Latitude & Baseline | Power 
Longitude Length 


39-51-07.46N 
87-29-12. 14W 


Master 


30-59-38N W 11,000us | 1.0MW 
85-10-11W Secondary 
42-42-53N X 28,000us | 1.0MW | 
79-49-35W Secondary 
Int. Falls, 48-36N Y 44,000us } 1.0MW 
Minnesota 93-22W 


Table A.8 
U.S. Mid-Continent Chain (Proposed) 


Station Approximate Station Coding Radiated 
Function Delay & Peak 
Latitude & Baseline | Power 
Longitude Length 


Springfield, Master 
Colorado 


Harlem, Secondary 
Montona 


Terlingua, Secondary 
Texas 
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Table A.9 


Current Alaskan Loran-C Chains 


North Pacific Chain 


170-14-59 ,84W 
52-49-44. 96N 
173-10-52.31E 
65-14-40.06N 
166-53-14.47W 
57-26-20. 48N 
152-22-11.98W 


Attu 


Port Clarence 


Narrow Cape 


Gulf of Alaska Chain 


Station Coordinates 

Tok 63-19-42.70N 
142-48-33.30W 
57-26-20. 48N 
152-22-11.98W 
55-26-20. 68N 
131-15-19.69W 


Narrow Cape 


Shoal Cove 


zi 


St Paul Is 57-09-09. 80N 


Station Peak 
Function Power 


Master 300 KW 


x Secondary 300 KW 


y Secondary 1.0 MW 


z Secondary 400 KW 


Function Power 


Master 


x Secondary 


y Secondary 


APPENDIX B 


OMEGA ACCURACY 


The purpose of this appendix is to present the results of the 
Omega accuracy analysis in the CONUS, Alaska and offshore regions. 
The results are presented as a series of tables describing the 
primary dimensions_of the error ellipse at various latitude/ 
longitude grid points.-_In these tables, dimension A is the semi- 
major axis, dimension B is the semi-minor axis and $(PHI) is the 
bearing relative to North, of the semi-major axis. The axes 
dimensions are given in nautical miles~and the bearing is given 
in degrees. 


Table B.1 represents the results for the pessimistic 
coverage case where, for the major part, only three stations 
are available. In the optimistic coverage situation more stations 
are available. Hence, it is desirable to determine achievable 
accuracies for various station combinations. Table B.2 shows 
the situation when all stations are operating and being used 


according to the optimistic predictions. Loss of a single station, 


taken sequentially, is shown in Tables A.3 through A.7. Finally, 
for the optimistic coverage situation, Tables A.8 through A.17 
show the expected accuracies in the event of the loss of two 
stations simultaneously. 


The next accuracy computations of interest are for Omega 
utilization in the p/p mode. This mode requires the addition 
of an accurate onboard clock. Clock errors are not included in 
these computations and would have to be added. Table A.18 
indicates the expected accuracies for the p/p mode using stations 
C and D only. Advancing to using all dual combinations of Omega 
when more than two are available the accuracies are determined 
to be those given in Tables B.19 through B.27. Using combinations 
of these the accuracies are given in Tables B.28 through B.37. 
Tables B.38 through B.42 show p/p accuracies for combinations of 
four and Table B.43 shows the expected accuracy when five stations 
are available and being used. 
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The expected accuracies for the pessimistic coverage predic- 
tion for Alaska and Alaska offshore are shown in Tables B.44 
through B.59 Table B.44 shows the accuracies for five Omega 
Stations, Tables B.45 through B.49 show the accuracies for 
combinations of four out of the possible five and Tables B.50 
through B.59 show the accuracies when two of the five available 
Stations are not being used. Finally, Table B.60 and B.61 indi- 
cate the accuracies for all stations available for the optimistic 
coverage prediction in Alaska. 
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APPENDIX C 
DIFFERENTIAL OMEGA CONFIGURATION TRADE-OFF ANALYSIS 


C.1 INTRODUCTION 


Several different schemes are available for the implementa- 
tion of the Differential Omega concept. The differences are 
primarily in the form of the data link from the ground monitor 
station to the airborne receiver. The data link elements include 
the content and format of the correction data to be transmitted 
to the aircraft, and the uplink transmission frequency (UHF, VHF, 
LF, for example). The alternatives available for these data link 
elements are discussed in more detail in the following. 


C.2 DATA MESSAGE CONTENT AND FORMAT 


The content and format of the differential Omega corrections 
have not been established. This section discusses those factors 
which bear on the content and format of the differential Omega 
uplink message. For each of these factors, several options are 
available for suitable specification of the differential Omega 
correction messages. These factors include phase correction 
reference, phase correction range and resolution, interval 
between uplink messages, and use of predicted propagation cor- 
rections (PPC's). ‘ 


C.2.1 Phase Correction Reference 


Uplinking of LOP corrections requires coordination of LOP 
selection between the ground and the air. Two choices of uplink- 
ing exist: either transmit all possible LOP's; or require the 
user equipment to determine appropriate LOP corrections from 


those corrections transmitted. Neither of these choices is 


attractive due to the excessive data to be transmitted for the 
former or excessive requirements on user equipment for the Latter. 


Uplinking of individual Omega station phase corrections, 
which are referenced to a clock synchronized to the Omega system, 
is the most desirable option. This option services all Omega 
users, regardless of station selection or operating mode, and 
requires only a simple subtraction for generating LOP corrections. 
This method also allows rho/rho users to synchronize their clocks 


to the Omega network. 


Differential Omega using individual station phase correc- 
tions referenced to an unsynchronized local time standard allows 
a simpler ground system to be used because an atomic time stand- 
ard is not required. This approach would be satisfactory tor 
LOP mode users but could cause a loss of potential accuracy to 


rho/rho mode users. 


C.2.2 Phase Correction Range and Resolution 


The range (maximum value) and resolution of the differen- 
tial Omega corrections specify the length and data rare require- 
ment of the differential uplink message. Due to the increasing 
capabilities and decreasing cost of digital hardware, it is 
assumed for this study that the differential Omega uplink will 
be digital. In order to correct for all propagation anomalies, 
the differential correction messages must be able to attain 
sufficiently large values (positive and negative). Allowing for 
+1 cycle of correction for predictable anomalies, and +1 cycle 
for unpredictable anomalies, a range of +2 cycles is required. 
This value is used as a nominal value for the study, but proper 
selection of the range of differential Omega corrections will 
require an examination of maximum observed deviations. 
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If the resolution of the phase correction is 6 bits (1/64 
cycle), the entire phase correction can be incorporated into one 
8 bit word, a length compatible with many microprocessors. 
Extending the resolution to 8 bits (1/256 cycle) allows the dif- 
ferential uplink error to be smaller than the instrumentation 
error. (Omega receivers typically measure phase to only 0.5 or 
1 centicycle [13]). Reasonable choices for the phase correction 
message, therefore, are word lengths of 8 or 10 bits. 


A potential problem with the differential Omega concept is 
uplinking a correction when the ground station cannot receive 
sufficiently strong signals to make a phase measurement. [This 
could cause the aircraft receiver to make navigational errors. 
To avoid this, either the largest or smallest phase correction 
value can be assigned an implicit meaning that the differential 
correction is invalid or erroneous, and is not to be used. 

This provides a convenient feature at little cost in data rate. 


C.2.3 Selection of Omega Stations and Frequencies to be Corrected 


The number of Omega stations (or LOP's) and frequencies for 
which differential Omega corrections are to be provided must be 
determined. Two options are available: (1) uplink information 
for all Omega stations in a predefined pattern, or (2) identify 
uplink corrections for only certain Omega stations. Uplinking 
information for selected Omega stations or LOP's requires that 
the stations (or LOP's) be identified by additional data bits. 
Depending upon the uplink message length and uplink interval, 
the data rate may have to be increased to transmit the addi- 
tional information. This could degrade the potential data rate 
savings achievable through transmitting only some phase correc- 


tions. 


The selection of Omega frequencies for which differential 
Omega corrections are to be transmitted must also be specified. 
Since almost all Omega receivers use 10.2 kHz, differential 
corrections for 10.2 kHz Omega signals will certainly be included 
in any differential Omega scheme. Probably the next most 
important Omega frequency is 13.6 kHz, so a second alternative 
is to uplink phase corrections for both the 10.2 kHz and 15.6 kHz 
Omega signals. Other opt include uplink of four Omega fre- 
quencies, various difference frequencies, and assortments of 
Omega and difference frequencies. The cost of uplinking more 
differential corrections could conceivably be the requirement 
for a higher data rate. The potential advantage of uplinking 
differential corrections at more frequencies are the same as 
those of multifrequency Omega: ability to perform lane resolu- 
tion, ability to use whatever Omega signals are available, and 
possibly better accuracy because more measurements are utilized 


in the position solution. 


Differential Omega can be made to work with any of the above 
approaches. However, a recommended method is to transmit correc- 
tions for all stations at all four frequencies. This provides 
the greatest amount of correction information in the differential 
Omega uplink, and allows for one standard format to be used. 


C.2.4 Data Uplink Interval 


The choice of interval between differential uplinks is a 
trade-off between accuracy and the required data rate to trans- 
mit all of the information, that the uplink medium must be able 
to support. The more often that differential corrections are 
sent, the greater the required data rate. However, the less 
frequently the differential uplinks are sent, the greater pos- 
sibility exists that the Omega Phase characteristics can change 
before being corrected. Differential corrections need not be 


sent more frequently than every 10 seconds, which is the 


commutation period of the Omega transmission protocol. Ditfer- 
ential corrections should be sent at least every five minutes, 
so that the effects of the quickly changing Omega propagation 
phenomena are minimized [14]. The range of reasonable uplink 


intervals is 10 seconds to 5S minutes. 


C.2.5 Predicted Propagation Corrections 


Differential Omega involves the uplinking of differences 
between measured phase values and nominal phase values. Nominal 
phase values can be either charted LOP's, which are time invari- 
ant, or nominal phase values varying with time of day and day of 
year. These time varying nominal phase values are usually gen- 
erated by Predicted Propagation Correction (PPC) programs. If 
differential Omega uplinks are referenced to charted LOP's, 
rather than PPC outputs, less sophisticated airborne receivers 
will be able to use differential Omega in place of PPC programs. 
If differential Omega uplinks are referenced to PPC's, however, 
less sophisticated Omega receivers (without PPC's) will be 
denied the benefits of differential uplinks. Therefore, PPC's 
should not be used in differential Omega. 


C.2.6 Required Uplink Data Rate 


The data rate required for transmission of differential 
corrections depends upon the length of the individual message 
and the time intervals between these messages. For a differen- 
tial station transmitting differential uplinks for eight Omega 
stations with ten bits of message per station, at a rate of one 
message every five minutes, the required data rate is about 1/4 
bits/second, exclusive of timing, framing, parity, and station 
identification bits. For differential corrections at 4 Omega 
frequencies for all 8 stations, uplinked every 10 seconds, the 
data rate for the message itself is 32 bits/second. This easily 
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achievable data rate allows a maximum amount of information to 


be uplinked, and is recommended. 
C.3 DIFFERENTIAL OMEGA UPLINK MEDIA 


There are many choices for the uplink medium for differen- 
tial Omega corrections. Table C.1 shows these choices [15], 
which can be broken down into three general classes: satellite 
relay of differential Omega corrections, ground-based line of 
sight propagation (VHF-UHF) transmitters, and ground-based non- 
line of sight (HF-LF-VLF) transmitters. 


The tradeoff in differential Omega implementation is total 
message content versus required bandwidth. As more complete : 
messages are sent more frequently from more differential Omega 
stations, the required system bandwidth increases. This require- 
ment for increased system bandwidth can be met by using more 
channels of fixed bandwidth, or higher bandwidth channels at 
higher frequencies. User equipment costs, ground equipment 
installation (or modification) costs, and system operating costs 
all must be determined for various bandwidth requirements in 


order to make a justifiable choice of uplink medium. 


C.3.1 Satellite Uplink 


Satellite relay of differential Omega corrections is one 
method for differential Omega operation. For this form of 
differential Omega, a satellite(s) in an appropriate orbit is ‘ 
required. The satellite transmitter should accommodate low- 
cost receivers to provide for user acceptance of the differen- 
tial Omega system. A network of ground stations is required to 
gather differential Omega corrections from a number of sites 
and convey this information to the satellite. 
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C.3.2 VHF/UHF (Line-of-Sight Limited) Uplink 


Line-of-sight (VHF/UHF) ground transmitters are usable for 
differential Omega. Specific possibilities are UH® data link, 
VHF data link on the navigation frequencies (108.0-117.95 mHz), 
VHF data link on the communication frequencies (118.0-155.975 
mHz), Digital Data Broadcast System (DDBS--essentially a data 
link interleaved with TACAN and DME replies), and the Discrete 
Address Beacon System data link (DABS). VHF/UHF data Link is 
an attractive option for differential Omega uplink because the 
technologies required are already well known and in production. 
Conventional telephone line data formats, using existing anpli- 
tude modulation receivers and transmitters, may prove adequate. 
Alternatively, multipath resistant coding could be employed to 
substantially reduce the transmitter siting problems often 
encountered with VOR siting. DDBS, as a subset of TACAN, is 
less attractive as a DDBS/differential Omega system implies 
a redundancy of navigation systems. DABS data link is another 
alternative, but use of DABS would compromise the traditional 


separation of navigation and surveillance functions. 


C.3.3 HF/MF/LF/VLF (Non-Line-of-Sight) Uplink 


Non-line-of-sight propagation methods are attractive because 
increased low altitude coverage can be provided without terrain 
limitations. HF uplinks may not be desirable since these ratio 
signals are subject to skipping and fading, and may be too 
unreliable for a differential Omega uplink. LF/MF stations are 
candidates, but the LF and MF bands are crowded with commercial 
AM broadcasts, aeronautical beacons, and marine beacons. As 
with VHF/UHF, data links on AM or FM subcarriers at voice fre- 
quencies is an attractive alternative, using existing beacon 
transmitters and receivers. Differential Omega using dedicated 
VLF transmitters is possible but the low data rates obtainable 
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at VLF would negate the advantages of supplying differential 
corrections over wide areas. Transmission of differential cor- 
rections by Omega stations during the 0.2 sec dead time between 
! transmissions would suffer from the same limitations. 


The recommended approach is to use existing aeronautical 
and marine beacon by adding a sidetone for the data link. 
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